The advantages of negative feedback are well known in electronics and extensively used in the operational amplifier. The properties of such a system are nearly independent of the parameters in the forward branch of the system; they are only determined by external elements in the backward branch. An optical analog of such an operational amplifier is reported. The essential operations, amplifications, and inversion of the circulating signals are carried out using a TV system. The capability of the system to compensate for spatial inhomogeneities and for nonlinearities is demonstrated. In addition, the system is able to create the inverse of a transfer function located in the feedback branch.
Introduction
The principle of negative feedback is commonly used in electronics for improvement of unstable, nonlinear, and noisy amplifiers.' If the amplification in the forward branch of the circuit is large, the properties of the total system are essentially determined by external elements in the feedback branch.
To construct an optical analog of such an operational amplifier, we, consequently, have to amplify the circulating image signal and to invert it for negative feedback.
This can be implemented with a TV system in the circuit, 2 ' 3 since electrical signals may be amplified and inverted (unlike incoherent light signals). Although some authors have proposed coherent light amplification in feedback systems, 4 ' 5 we prefer (incoherent) TV systems for their insensitivity to noise and their practicality. A passive feedback system with TV has been used by Sato et al. 6 to reduce ghost images and for spatial filtering.
We shall demonstrate some useful capabilities of an active system with negative feedback, which was proposed earlier, 7 such as compensation of a spatial inhomogeneous field and of nonlinearities.
Thereby the compensation of nonlinearities is equivalent to that achieved in electronics. But because of its 3-D character (two space coordinates and one temporal coordinate) the optical operational amplifier is more than a pure translation from electronics. It is, for example, able to generate oscillations 7 and to solve linear differential equations in space and time. This may be either the diffusion equation 8 or even the wave equation. One possibility, which will be demonstrated in this paper, is the capability of creating the inverse of the transfer function in the feedback branch of the system.
Some Capabilities of an Optical Operational

Amplifier
In this section we want to derive some of the capabilities of an optical operational amplifier; its practical realization will be discussed in Sec. III. According to Fig. 1 , the circulating signal is first operated on by it, is amplified by the factor , is operated on by X, and finally inverted.
The operators and XY may depend on the space coordinates x and y, which might represent an inhomogeneous field sensitivity. They may depend on the intensity itself, which might represent a nonlinear system, or they may depend on spatial and temporal frequencies 1 u,v,f, which might represent a linear filter. Indeed, they may depend on all these parameters at the same time.
A. Operational Amplifier with General Operators
We shall discuss the general case before treating some useful special cases. The feedback system is assumed to be stable, that is, after an initial period, the output signal will be stationary in time, if the input signal is also stationary. Consequently, we have only to take into account the behavior of the operators at f = 0. In other words, .? and K may be considered as depending only on spatial variables not on temporal variables. Using the notation of Fig. 1 , we get: 
Now dividing by fi and making fi very large, we find for a finite output O' that
Application of the inverse operator -1 to (4) yields 
If the system contains no sources, 9-1(0) = 0, and Eqs. (6) and (7) follow:
These indicate that the action of the whole system is equivalent to that of an operator I-1 . The operator in the forward branch has been effectively canceled. This will be true even if, for example, the operators are space variant or nonlinear, within the limit that the system remains stable. If the input is a distorted signal 0 = Xf(IO) the output signal will be a corrected version O' = Io. This will be demonstrated later for some special operators.
B. Inhomogeneous Field
It is well known that TV cameras generally have a nonuniform sensitivity in the object field or that the intensity of images produced by lenses decreases with the fourth power of the cosine of the field angle. If, for example, those elements are introduced into the operational amplifier, the operators ? and are represented by space variant factors SG (x,y) and
SH(X,Y).
With the notation of Fig. 1 , for a stable system we get 
O'(X,Y) = [O(X,Y) -OF(X,Y)I * SG(X,Y) * 3,
Ifl.
-SG (X,Y) SH (X,Y)
If the product -SG-SH is large compared with 1, then (11) follows: The system has ignored the inhomogeneous sensitivity in the forward branch, while the inhomogeneity in the backward branch has been inverted. Lee 9 has already used Eq. (10) to create an output depending nonlinearly on an input function SG. But since he uses only passive feedback, the range of possible nonlinearities is restricted. In the backward branch of the amplifier, the same transparency SH(X,Y) has been introduced. According to (4) After the system has reached stability, the following relations hold:
If we consider only strictly monotonic nonlinearities, the inverse functions N-1and N-l are unique. So we find from Eq. (14)
N-1(') = O -NH(O').
Equation (16) demonstrates the capability of the operational amplifier to compensate for nonlinearly dis- Before we proceed to spatial filtering, we shall discuss a special nonlinearity-the addition of a bias, a fre- 
Again, if we proceed to the ideal operational amplifier, that is, ( 3 G * H >> 1, we find
If, for example, an aberrated lens has a transfer function H, the same aberrated lens introduced into the backward branch of an optical operational amplifier may (15) In the operational amplifier is very large, so the left side of Eq. (15) will degenerate to Njl (0) if O' is finite. 
If the bias BG is zero, the output signal undergoes a second nonlinearity, which is the inverse of that inserted into the feedback branch. Fig. 6 the object was a sine grating with linearly increasing frequency.
The TV camera, which converted the object intensity distribution into an electrical signal, was slightly defocused. The corresponding video oscillogram of the defocused grating is shown in Fig. 6(a) . This video signal has been stored on a TV storage tube, which serves as an input device. Now the defocused camera has been introduced into the feedback branch of the operational amplifier without changing the focus. The (a) input image produced by a defocused camera; (b) autocompensation using the same defocused camera in the feedback branch; and (c) image obtained by a focused camera (for reference).
AMPL. Fig. 9 . TV optical operational amplifier.
slight improvement of high frequency contrast, according to Eq. (10) or (11), is shown in Fig. 6(b) . The compensation can be improved by applying a higher . To improve the defocused picture of Fig. 8(a) , the defocused camera was inserted into the feedback branch to create its own inverse filter. The result is shown in Fig. 8(b) . The control experiment of Fig. 8(c) demonstrates the maximum obtainable image quality of the TV components, without feedback and without defocusing.
E. Combination of Variables
Generally the operators and depend on all variables at the same time-space, time, intensity, spatial and temporal frequencies. This interdependence makes TV optical feedback versatile and powerful. As shown in Sec. II.A, the mechanism of autocompensation works with general operators within the limits of stability. Indeed, if we have a camera with a nonuniform field, followed by a nonlinear amplifier, and then a spatial filter, all inserted into the feedback branch, the output signal does not depend on the properties of the forward branch. The action of the total system is the reverse of that of the operator inserted into the feedback branch.
For the example mentioned above, we obtain Eq. (19), where indicates a Fourier transformation:
We see that the order of restoration is the reverse of the order of input degradation. The system not only compensates for pictures, it can also be used for manipulating pictures, for example, division of (x,y) by SH(X,Y), where the transparency SH would be inserted into the feedback loop. One property may be of particular importance. Light to voltage convertors invariably contain spatial inhomogeneities, which largely (19) reduce the range of possible filter operations. These can be compensated by inserting the image convertor into the forward branch of an operational amplifier. In or addition, after averaging over temporally varying noise, we have a signal available with extremely high SNR. In principle, the dynamic range of the signal could be -MON similar to that of a computer, so that subsequent digital OTPU' processing would not be limited by the input signal but by the computer.
TV Optical Operational Amplifier
So far, we have discussed the system from the standpoint of black box theory. Proceeding in a physically realizable system, two interesting problems arise in addition to technical problems such as geometrical distortion.
(1) In the loop, we seomtimes convert incoherent light signals into electirical signals and vice versa. We must take care that electrical signals, which may be bipolar, correspond only to positive intensities, before they are fed into a monitor.
(2) In the discussion in Sec. II, we assumed that the system would be stable. Since there is a temporal delay in the loop, 7 the negative feedback changes to positive feedback for temporal frequencies in the range of f 10 Hz. We must take care that the total gain in that frequency range is less than unity to avoid oscillations, although the gain at f = 0 Hz should be very large.
Consequently, we have to use a very slow TV system.
We have used a specially selected vidicon camera with an afterimage of 30% after 400 msec. With these considerations in mind, the device shown in Fig. 9 was designed. As an input device, we use a vidicon TV storage tube. This is charged with an input image by the same TV camera used later in the feedback branch, thus avoiding distortion problems connected with two different cameras.
According to Fig. 1 , the feedback signal OF has to be electrical signals. The difference will then be amplified and fed into the feedback branch, where it is converted into an optical signal. After performing an optical operation, such as 2-D convolution, the signal is again converted into an electrical signal. In this device, the two requirements demanded in the beginning of this section can be satisfied without introduction of a bias.
The system performed a positive-stable output, even with an amplification ( 3 5.5. In Fig. 10 , the calculated behavior, immediately after the system is turned on, is shown for different (3. The normalized initial output 0/3 is plotted vs time for a constant input signal. For small (, the output reaches its stable value without going negative. For large d the signal would become negative, which is forbidden. The maximum leading to signals >0 is about 5.5, which coincides with our experiments. Of course, (3 = 5.5 is far from the ideal operational amplifier, but the maximum obtainable depends directly on the slowness of the TV system. The theory of temporal behavior, which will be dealt with in a subsequent paper, shows that a camera, which is ten times slower, will make it possible to apply an amplification that is about ten times larger.
IV. Conclusions
The principle of active-negative feedback can be applied for incoherent optical systems. To achieve amplification and inversion, TV systems are used in addition to optical systems. If the amplification in the forward branch of the system is large, it may be called an optical operational amplifier, in that its properties are determined only by the properties of the feedback branch. The action or the total system is the reverse of that of the operator inserted into the feedback branch. Consequently, the system has the capability of autocompensation of image degradations, which may be nonlinear distortions, multiplicative errors, or lens aberrations. The degradations may be space variant.
